Wave profile measurements are reported for pure molybdenum initially heated to 1400 "C and shock compressed to stresses between 12 and 81 GPa. The Hugoniot states are consistent with previous results and all data can be described by the parameters: cu=4.78(2) km/s and s= 1.42(2), where the numbers in parentheses are one standard deviation uncertainties in the last digits. The amplitude of the Hugoniot elastic limit is 1.5-1.7 GPa at 1400 "C compared with 25 "C values of 2.3-2.8 GPa. Unloading wave velocities range from 6.30(22) km/s at 12.0 GPa to 7.91(24) km/s at 80.7 GPa and are 4%-8% below extrapolated ultrasonic values and Hugoniot measurements from a room temperature initial state. These differences can be explained by the effect of temperature on the compressional elastic wave velocity. No temperature dependence of the dynamic tensile strength can be resolved from the present data.
INTRODUCTION
Wave profile measurements on materials shock compressed at high initial temperature can provide insights into the effect of temperature on elastic, constitutive, and equation of state (EOS) properties. Velocity interferometric techniques' are the standard method for probing the detailed response of metals and minerals to shock compression. In this study, we extend the range of such measurements to materials at very high initial temperatures.
Molybdenum (MO) was chosen for study because of its role as a high-pressure standard. There has been much interest in the dynamic behavior of this material.2-4 The EOS of MO at 1400 "C has been studied recently by shock transit time measurements.5 Molybdenum is used as a containment material in EOS studies of liquid silicates,6 and it is therefore desirable to fully characterize its high-temperature dynamic response. This material has also been compressed statically to 272 GPa at room temperature.7 Detailed understanding of thermal and strength effects is required to relate shock and static data. Finally, sound velocities measured on MO shock compressed from room temperature reveal complex behavior at stresses above 150 GPa which appear to reflect changes in bonding character. 8'9 Material strength has been observed to decrease at high stress and high temperature in aluminum," and many constitutive models include a thermal softening effect." However, there is little quantitative information on the effect of temperature upon constitutive properties. The effect of high initial temperature on the strength of MO is addressed in the present study.
Il. EXPERIMENTAL TECHNIQUE
Dynamic compression of molybdenum was carried out by high-velocity plate impact. Foam-backed aluminum 6061 and tantalum flyer plates were mounted in lexan projectiles and accelerated to high velocities using a single-stage *'Present address: Geophysical Laboratory, 5251 Broad Branch Rd. NW, Washington, DC 20015. 40-mm bore propellant gun.'* Projectile velocities were measured to ? 1% by recording two x-ray shadowgraphs of the projectile in flight (lo-50 ,us apart) just prior to impact. Molybdenum samples were machined from rods of polycrystalline stock of better than 99.95% purity (Climax Performance Materials Co.). The samples were cut into a top-hat shape as shown in Fig. 1 with an outer diameter of 44.5 mm and an inner diameter of 25.4 mm. The rear surface was lapped to a diffusely reflecting finish using 5-pm alumina powder. Crystal densities were measured by the Archimedean method and are consistent with the density of molybdenum determined by x-ray diffraction of 10.22 g/cm3 (Table I) .
The sample was mounted in a ceramic holder in the gun tank. A water-cooled copper coil positioned around the inner disk was connected to a lo-kW radio-frequency source which acted as an induction heater. Temperatures were measured using a Pt-PtlO%Rh thermocouple attached to the sample. Details of the sample heating procedure are described elsewhere.5.6 The impact conditions are listed in Table I .
The motion of the molybdenum free surface was monitored using a VISAR (velocity interferometer system for any reflector) apparatus.' Light from an Ar+ laser was focused onto the MO rear surface using a lens and turning mirror (Fig. 1) . The mirror was shielded from the thermal radiation of the sample by a ceramic shutter which was retracted pneumatically immediately prior to firing the gun. The diffusely reflected light, which is Doppler-shifted due to sample motion, is directed to the VISAR system where it is split into two legs of a wide-angle Michelson interferometer. The light in one leg is delayed in time by passing it through a length of fused silica, and the two beams produce interference fringes when recombined. The free surface velocity, un, is related to the number of interference fringes by
where t is the time, ris the delay time of the interferometer, F(t) is the number of fringes, and k is the velocity-per-fringe constant. A fringe constant of 225 m/s/fringe was used for e FIG. 1. Set-up for high-temperature VISAR experiments. The molybdenum sample (a) is held by a ceramic target plate (b) and radiatively heated to -1400 "C using copper coils (c) attached to a lo-kW' radio-frequency source acting as an induction heater. Temperature is measured by the thermocouple (d). The impactor assembly consists of a flyer plate (e) with foam backing (f) mounted in a lexan body (g). The free surface of the hot MO sample is monitored with single-frequency light from a 3 W Ar+ laser which is focused using the lens (j) and directed onto the target by the expendable mirror (i). The reflected light (h) is returned to the VISAR along a path parallel to the incident beam.
the present experiments. Fringe records were converted to velocity histories using an interactive data-reduction procedure.i3 Due to the high-temperature sample environment, electrical shorting pins could not be used for triggering and tilt diagnostics. Instead, a trigger signal was generated by the interruption of a continuous laser beam which propagated across the projectile path 5 cm in front of the target. Due to the long time window between triggering and data acquisition, oscilloscope (Hewlett-Packard 54111D) sampling rates between 250-500 megasamples per second were used with a sampling window of 16-32 p.
The sample reflectivity did not change significantly when heated to 1400 "C for -15 minutes in the <lOO-pm Hg air pressure of the impact tank. Despite the use of a narrow bandpass filter, thermal radiation from the hot sample produced -30 mV offsets in the fringe records which were subtracted in the data reduction process. Ill. RESULTS
A. Wave profiles
Four experiments were conducted on MO samples, three of which yielded free surface velocity profiles. In the fourth experiment, data recording failures prevented a wave profile from being obtained but the arrival times of the shock front and the initial unloading wave could be read directly from the partial fringe records. The velocity profiles are shown in Fig. 2 .
The distance-time diagram of Fig. 3 illustrates the main features of the wave profiles. Impact at t=O produces an elastic precursor and plastic shock which propagate through the sample and reach the free surface at times cr and t2, respectively. The reflection of the shock at the free surface produces a rarefaction fan propagating back to the left. In the meantime, a shock travels through the thin flyer and reflects from the low-impedance backing layer, producing a forwardpropagating rarefaction fan. For an elastic-plastic material, the velocity of the head of the rarefaction fan corresponds to the compressional sound velocity.r4 The lead characteristics of the two fans intersect at a distance h* from the free surface. The forward-propagating unloading wave then reaches the free surface at t3. The interaction of the two unloading waves leads to spa11 and produces the velocity pull-back seen in Fig. 2 (t4).
Hugoniot states
A time reference for the experiments was established from the arrival time of the elastic precursor, which is assumed to travel with the ambient-pressure, high-temperature compressional sound velocity, VP,,. This assumption is reasonable given the relatively low elastic limit of molybdenum. The compressional sound velocity was determined by extrapolating the linear elastic modulus-temperature trend observed to 700 "C in ultrasonic data," yielding V,,=6.11(3) km/s. The shock wave arrival was taken to be the midpoint between the peak Hugoniot elastic limit (HEL) velocity and the peak free surface velocity. For the three experiments shown in Fig. 2 , the shock velocity, Us, was then calculated from the sample thickness. The particle velocity behind the shock front, I(~, was determined from the measured free surface velocity by accounting for the elastic-plastic interaction at the free surface:16
where VBo is the ambient-pressure bulk sound velocity, p. is the initial high-temperature density,' and cHEL is the elastic precursor amplitude discussed in the next section. The Hugoniot stresses and densities were then determined by application of the Rankine-Hugoniot conservation equations.17 The Hugoniot states are shown in Table II and Fig. 4 . The present results are in excellent agreement with previous data from shock transit time measurements.5 The combined Hugoniot equation of state for 1400 "C MO is given by:
where the numbers in parentheses are one standard deviation uncertainties. This EOS is only slightly different from previ- (30) ous work' but the formal uncertainties are reduced by factor of 2.5-3 and the equation of state is now constrained between 12 and 96 GPa.
C. Compressive strength
The elastic precursor manifests itself as a sharp jump in velocity which relaxes by up to 25% (Fig. 2) . Under a steady-wave assumption, the amplitude of the Hugoniot elastic limit can be obtained from:
where the factor-of-two relationship between the free surface and particle velocity has been assumed.17 The measured HEL stresses are listed in Table III .
No peak stress dependence of the HEL amplitude can be resolved over the 12-31 GPa stress range of the present experiments (Fig. 5) . Wave profiles measurements on molybdenum between 7 and 15 GPa from a 25 "C initial state have recently been reported.3 Hugoniot elastic limit values of 2.3-2.8 GPa were obtained for sample thicknesses between 1.5 and 13 mm. At 1400 "C, the HEL amplitude of MO is therefore reduced by 26%-46% relative to its room temperature value. This contrasts with observations for bismuth'* in A Miller etaI., l This Study which the precursor amplitude was independent of temperature up to 250 "C, which is near the melting temperature for that material. Another interesting feature of the elastic precursor structure is the decrease in free surface velocity behind the precursor, which at its minimum is 74%-88% of the peak precursor velocity. Elastic wave overshoot has previously been identified in other materials" and is interpreted as a consequence of stress relaxation. Room-temperature free surface and particle velocity profiles in MO, however, show no stress relaxation behind the precursor.3*4 Therefore, the high initial temperature both decreases the magnitude of the HEL and promotes stress relaxation behind the precursor. These results are somewhat anomalous in that reduction of velocity behind the HEL is observed, but no dependence of the HEL amplitude on peak driving stress can be resolved. Both these phenomena are generally associated with stress relaxation in solids.2o'21 It may be that the present data are insufficient to resolve the peak-stress dependence of the HEL.
Assuming a von Mises yield condition, the compressive yield strength, Yo, is related to the HEL amplitude through:
where v is Poisson's ratio. At 1400 "C, Poisson's ratio is estimated to be 0.313 from extrapolation of ultrasonic elasticity data.15 The resulting yield strengths are listed in Table  III and plotted as a function of initial temperature in Fig. 6 . In recent constitutive models,4'11 thermal effects are incorporated by assuming that the ratio Y/G is constant, where G is the shear modulus. An alternative representation is that the yield strength is the following function of homologous temperature:
where T, is the melting temperature (in K). This equation was obtained using the 25 "C yield strength and requiring that Y=O GPa at the melting temperature. This is similar to a previous relationship22 in which the yield strength depends on the ratio of internal energy to the melt energy. The experimental data fall in between the predictions of these two relations (Fig. 6 ). The yield strength at the HEL decreases more rapidly than the shear modulus but more slowly than predicted by Eq. (6).
D. Unloading wave velocities
The time difference, At, between the arrival of the unloading wave and the arrival of either the shock or elastic precursor at the free surface was measured from the wave profiles or the fringe records. The Lagrangian unloading velocity, VP,, in the sample is then given by (cf. Fig. 3 ):
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Temperature ("C) 838 where x, and xf are the sample and flyer thicknesses, Usf and Vp,f are the shock velocity and the Lagrangian unloading velocity in the flyer, VI is either the shock or precursor velocity in the sample depending on how At is measured, and V* is the average velocity in the perturbed region, h *, which is defined by the intersection of the unloading wave from the back of the flyer and the unloading wave from the free surface: h*=~~f~liVp,I+l,~~f)+x,(l/Vp~-l,~~),.
(8) In the interaction region, the unloading wave travels through a non-simple region of near zero stress before reaching the free surface. The initial bulk sound velocity, Veo, was used as an estimate of the average velocity, V*, in this region. The interaction region was restricted to less than 10% of the sample thickness to minimize its effect on the unloading wave velocities. The large stress drop in this region could be minimized if a window were attached to the sample rear surface. We have not developed a window-attachment method that can withstand the high-temperature environment of the present experiments.
Equations (7) and (8) were solved iteratively for VP,. Hugoniot states in the flyer materials were determined through impedance matchinga using the parameters of Table  IV . Unloading wave velocities in aluminum 6061 to 41 GPa have been determined in previous work24YZ and can be described by the expression VP= 1.8796+0.0303 in a+O.O177(ln (+)*,
where o is the stress in GPa. VP is the Eulerian unloading velocity (in km/s) and is related to the Lagrangian value by
For experiment 868, the Hugoniot stress (80.7 GPa) is close to a previously reported 83.1 GPa experiment% for which a Ta unloading velocity of 5.5(2) km/s was measured. This value was used in Eqs. (7) and (8) for this experiment. The Eulerian unloading velocities for MO are listed in Table  III and plotted as a function of Hugoniot stress in Fig. 7 .
For solids in the absence of dispersion, the initial unloading wave velocity corresponds to the compressional elastic wave velocity, VP, while for liquids it corresponds to the bulk wave velocity, V, .I4 The identification of the initial unloading velocity with the compressional sound velocity is supported by comparisons of Hugoniot and extrapolated ultrasonic data at low pressures where thermal effects are small.27 On the other hand, micromechanical theory has been used to suggest that due to immediate reverse plastic flow, the observable release may not always correspond to fully elastic behavior.*' This effect is not expected to be significant in BCC metals such as molybdenum, however.29
The measured sound velocities lie well above extrapolated bulk velocities, indicating that MO remains solid over the range of the present experiments. The velocities are 4%-8% below 25 "C wave profile data and extrapolated ultrasonic data. This reflects the effect of temperature on the compressional wave velocity. The temperature coefficient of compressional velocity, (dV,/dT), , can be calculated from vPH -vPI TH-TI ' (11) where T is the temperature, and the subscripts H and I represent conditions on the Hugoniot and isotherm, respectively. Sound velocities along the reference 25 "C isotherm were computed using third-order Eulerian finite-strain theory3' and ultrasonic elastic moduli and pressure derivatives of Mo.~* The difference between the Hugoniot stress and mean pressure has been neglected in this analysis. The calculated isotherm velocities are consistent with values at 7-15 GPa from a 25 "C initial state obtained from previous wave profiles3 (Fig. 7) .
Hugoniot temperatures were calculated by solving the following equation3 ': where V is the specific volume, Cv is the constant volume specific heat, and y is the Griineisen parameter. Values of y and Cv for 1400 "C MO were taken from Ref. 5, and the difference between the isobaric and isochoric specific heats has been neglected. Both Cv and the product, py, were assumed constant along the Bugoniot.
The quantities calculated using Eqs. (11) and (12) are listed in Table III . Within their uncertainties, high-pressure values of the temperature coefficient of compressional velocity are consistent with the ambient-pressure value of (~W~ldT)~=-0.247 m/s/"C.'5 There is also a general trend toward decreasing values with increasing pressure. This has been observed for a number of other metals from room temperature shock compression.33
While the present results are consistent with previous analyses, the method used here offers significant advantages for constraining temperature derivatives. The shock temperature rise is relatively small compared with the precisely known initial temperature, significantly reducing uncertainty in the final temperatures. The high initial temperature also allows comparison of shock and ultrasonic data at relatively low pressure (-10 GPa). This reduces uncertainty associated with extrapolation of ultrasonic data to very high pressure. For these reasons, it is felt that the present results are less likely to suffer from systematic biases than the previous analysis.
Sound velocities measured in MO shock compressed to between 150 and 441 GPa from a 25 "C initial state have also been reported.8 A solid-solid transition at about 210 GPa and melting at about 390 GPa were identified from this data. The solid-solid transformation was interpreted as a bee to hcp transition caused by s+d electronic transfer. Figure 8 shows a comparison of all Hugoniot sound velocity data for MO. The data between 150 and 210 GPa are anomalous in that they imply large values of Poisson's ratio which decrease across this pressure interval whereas Poisson's ratio generally increases with both pressure and temperature. This, together with a softening of the EOS, has also been interpreted as a consequence of the s--+d electronic transfer which begins above 100 GPa.9
We see no evidence of anomalous behavior in V, up to 81 GPa from our high-temperature initial state. The Hugoniot velocities are subparallel to extrapolated ultrasonic data (Figs. 7 and 8 ). This is consistent with behavior observed in shock data for several other metals33 and can be attributed to thermal effects. In contrast, the present data appear inconsistent with the 25 "C initial temperature data shocked to 150-210 GPa. These sound velocities may be strongly influenced by the proposed electronic transfer. The possibility of a second solid-solid phase change at pressures between 81 and 150 GPa must also be considered. Under static compression, no phase transformations were observed in MO to at least 272 GPa?
Compressional and bulk sound velocity data for many metals satisfy Birch's Law over broad shock compression intervals. 27'34 That is, velocity is a linear function of density with a slope dependent upon atomic weight. The MO data between 150 and 210 GPa do not extrapolate linearly in density to the ambient-pressure compressional velocity. However, the 1400 "C data to 81 GPa approximately satisfy Birch's law. Linear velocity-density fits are shown in Fig. 8 , together with ultrasonic extrapolations and bulk sound speeds calculated from the Hugoniot slope.
Poisson's ratio, Y, can be computed by combining measured compressional velocities with bulk velocities constrained by the Hugoniot slope and the assumption that py = const.8*32 Poisson's ratio values for MO are listed in Table  III . The ambient-pressure 1400 "C value of v from extrapolation of ultrasonic data is 0.313, as discussed previously. These data indicate that Poisson's ratio increases along the Hugoniot over this pressure range. Increases in v have been documented for other metals under Hugoniot conditions.27 E. Estimated spall strength
The interaction of unloading waves depicted in Fig. 3 leads to dynamic fracture or spall. The characteristic signature of spa11 is an increase or pull-back in free surface velocity as seen in Fig. 2 . From the amplitude of the pull-back signal, an estimate of the spa11 strength can be obtained. For an elastic-plastic material, the spa11 strength, S, is given by 16.35 S=Sr,+AS,
where Sn is the amplitude of the tensile-stress pulse recorded at the free surface 
where Au, is the pull-back amplitude measured from the peak free surface velocity to the velocity minimum. The term AS accounts for the attenuation of the spa11 signal in propagating from the spa11 plane to the free surface: (15) where 7 is the pull-back pulse duration, and S is the distance to the spa11 plane which we have assumed is equal to h*. The resulting estimated spa11 strengths for MO between 12 and 31 GPa are shown in Fig. 9 . Near 12 GPa, the spa11 strength of 1400 "C MO is 2.4 GPa, not significantly different from the value of 2.31 GPa reported for room-temperature MO at this stress.36 Thus, in contrast to the compressive yield strength, the spa11 strength appears to be only weakly dependent on temperature for this material. Similar results have been obtained for copper pre-heated to 425 0C.37 The spa11 strength shows a tendency to increase with increasing peak stress as has also been observed in other materials.16
F. Modeling
Computer simulations of the present experiments were undertaken using the one-dimensional finite-difference wavecode WONDY.~* Both MO and aluminum 6061 were modeled as elastic-perfectly plastic materials (Table IV) . The results of the simulations are shown in Fig. 10 and are in good agreement with the experimental profiles. The primary feature to note is that the rise time of the plastic shock front is significantly greater at low stress and is approximately 50 ns for the 12 GPa experiment.
EOS experiments on high-temperature liquid silicates encapsulated in MO have yielded important insights into magma petrogenesis.699 We have performed additional wavecode simulations in order to investigate the expected shock structure in such experiments. The computer simulations consisted of aluminum 6061 impactors traveling at 1 and 2.5 km/s impacting a 0.76-mm MO driver plate behind which was a 3.3-mm thick layer of liquid silicate followed by a 2.0-mm thick MO cap. A liquid silicate of komatiite composition was used in the simulations.39 These impacts produce peak stresses of 5.6 and 18.4 GPa in the liquid silicate sample and 10.2 GPa and 33.1 GPa in the MO cover plate, respectively. The compressive waveforms from the simulations are shown in Fig. 11 as well as waveforms from identical simulations in which the MO-silicate sandwich is replaced by a single MO layer of equal thickness. For the 2.5 km/s simulation, the compressive waveforms with and without the komatiite layer are similar. For the lower velocity simulation, significant additional structure is introduced by wave interactions generated at the silicate/MO interface. These results suggest that EOS experiments on liquid silicates using streak camera detection may be ambiguous at low shock stresses (<5 GPa) because of the long rise time of the plastic wave front and the broadening of the shock front that arises due to wave interactions. This may explain the failure of shock transit time measurements in liquid silicates at low stresses.39
IV. SUMMARY VISAR wave profile measurements on shocked solids have been extended to materials at very high initial temperature. This opens up new opportunities for measuring material strength, sound velocities, and melting phenomena at hightemperature states off the principal Hugoniot. Initial experiments on molybdenum shock loaded at 1400 "C yield the following results:
(1) The equation of state of 1400 "C molybdenum from VISAR and shock transit time measurements can be expressed as:
i&=4.78(2)+1.42(2&, for particle velocities between 0.236 and 1.414 km/s. The bulk sound velocity at 1400 "C from linear extrapolation of ultrasonic data is 4.88 km/s, in reasonable agreement with the Hugoniot equation of state intercept.
(2) The effect of 1400 "C initial temperature is to reduce the Hugoniot elastic limit by about one-third relative to its room temperature value. Stress relaxation behind the precursor is observed in the high initial temperature experiments but not in previous room-temperature experiments. The yield strength at the elastic limit decreases with temperature at a rate of 4(1)X1O-4 GPa/"C.
(3) Unloading wave velocities range from 6.3 km/s at 12 GPa to 7.91 km/s at 80.7 GPa. These are 4%-8% below velocities obtained from room temperature shock compression and extrapolation of ultrasonic data. Values of the temperature coefficient of compressional velocity between -0.35(13) m/s/"C and -0.16(13) m/s/"C were obtained from comparison with ultrasonic data.
(4) The estimated spa11 strength of 1400 "C MO is 2.4-3.8 GPa at stresses between 12 and 31 GPa. No temperature dependence of the spa11 strength can be resolved from currently available data.
(5) The rise time of the shock front decreases rapidly with increasing stress. Wavecode simulations of liquid silicate experiments indicate that shock transit time measurements at low stresses (<5 GPa) may not be reliable because of long risetimes and wave interactions.
